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Abstract: The insulin insulin-like growth factor signaling pathway has been 26 hypothesized as a major determinant of life history profiles that vary adaptively in 27 natural populations. In Drosophila melanogaster, multiple components of this 28 pathway vary predictably with latitude; this includes foxo, a conserved gene that 29 regulates insulin signaling and has pleiotropic effects on a variety of fitness-30 associated traits. We hypothesized that allelic variation at foxo underlies genetic 31 variance for traits that vary with latitude and reflect local adaptation. To evaluate this, 32
we generated recombinant outbred populations in which the focal foxo allele was 33 homozygous and fixed for either the allele common at high latitude or low latitude 34 and the genomic background was randomized across 20 inbred lines. After eight 35 generations of recombination, experimental populations were phenotyped for a 36 series of traits related to gene function. Our results demonstrate that natural allelic 37 variation at foxo has major and predictable effects on body size and starvation 38 tolerance, but not on development time. These patterns mirror those observed in 39 natural populations collected across the latitudinal gradient in the eastern U.S.: 40 clines were observed for starvation tolerance and body size, but development time 41 exhibited no association with latitude. Furthermore, differences in size between foxo 42 genotypes were equivalent to those observed between populations sampled from the 43 latitudinal extremes, although contribution to the genetic variance for starvation 44 tolerance was less pronounced. These results suggest that allelic variation at foxo is 45 a major contributor to adaptive patterns of life history variation in natural populations 46 of this genetic model. 47
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INTRODUCTION

50
Elucidating the molecular, mechanistic basis of adaptive differentiation for 51 complex traits in natural populations remains a fundamental goal in evolutionary 52 biology. Outlining the genotype-phenotype map and subsequent investigation into 53 mechanism requires, to some extent, identification of the genes and variants that 54 segregating at a locus of major effect can then be examined for functional 67 differences that affect performance and fitness (e.g., Laurie and Stam 1988 ; unclear, however, is whether alleles at loci underlying local adaptation are typically of 70 large effect, or whether the effect size of such naturally occurring variants is 71 effectively negligible for any molecular or functional investigation (e.g., Lewontin 72 1974; Rockman 2012) . For each of these neutral and foxo-associated SNPs, we tested for significant 146 correlations between latitude and allele frequencies using generalized linear models 147 (GLM) with a binomial error structure of the form: yi = L + εi, where yi is the allele 148 frequency of the i th SNP, L is the continuous factor "Latitude" and εi is the binomial 149 error of the i th SNP. We further assessed whether allele frequency changes of the 150 two candidate SNPs that constitute our focal haplotype were more clinal than neutral 151 SNPs or other SNPs located within or in the proximity of foxo. To this end, we 152 compared the -log10(p)-values from the GLMs for each of the two focal SNPS to 153 areas limited by red dashed lines in Figure 1 ) and subtracted the integral value from 161 1, which represents the total area of the ECDF. 162
To investigate and visualize the relative patterns of allele frequency change 163 for the two focal SNPs with respect to all other SNPs located inside or in close 164 proximity to foxo, we conditioned the alleles with lower frequencies in Florida 165 compared to the population in Maine for each foxo-associated SNP. Allele 166 frequencies in Florida were set to zero and we then calculated the allele frequency Prior to phenotyping, each isofemale line was cultured for two generations at low 210 density (30±10 eggs/vial) at 25˚C, 12L:12D; in the third generation, freshly eclosed 211 flies were collected in daily cohorts and used in the phenotypic assays described 212 below. 213 214
Phenotype assays 215
In all assays, foxo recombinant cages were tested simultaneously at three 216 independent timepoints and the data partitioned into blocks. For assessment of 217 starvation resistance, virus infection of the cages precluded running three 218 independent blocks, and a single timepoint was included in the analysis. For the 219 natural populations, all lines from all populations were assayed simultaneously for all 220 phenotypes using discrete 1d cohorts for each phenotype. 
Clinal variation in natural populations 296
Body size. In the six sampled natural populations, thorax length was highly 297 distinct among populations (Table 1) , and these patterns of differentiation exhibited a 298 positive association with latitude ( Figure 4C ). Wing area exhibited qualitatively 299 identical patterns, as did the ratio of wing area to thorax length (Table 1, Figure 4D ). 300
Sexes were analyzed separately due to dimorphism and the potential for differential 301 allometry, but exhibited highly similar patterns of size variation among populations 302 and as a function of latitude. As expected, these results are consistent with previous 303 associations between latitude and body size in D. melanogaster ( Figure 3A ). The increase in starvation 309 tolerance as a function of increasing latitude appears more pronounced for females 310 than males, although patterns are qualitatively identical and no heterogeneity of 
Phenotypic differentiation between foxo alleles 334
Body size. Thorax length and wing area were both highly distinct between the 335 high and low-latitude foxo genotypes (Table 2) . Significant heterogeneity was 336 present between the replicate sets A and B, as expected based on distinct 337 composition of founding inbred lines, as well as among experimental replicates that 338 were cultured independently since cage initiation. Despite these two sources of cage 339 effects, the differences between foxo genotypes were consistent with expectations 340 based on geography: the genotypes homozygous for the high-latitude foxo allele 341 were significantly larger than genotypes homozygous for the low-latitude allele 342 ( Figure 4) . The ratio of wing area to thorax length did not show any further 343 differentiation between genotypes, but as with the two traits independently, 344 demonstrated significant and predictable differences between the high and low-345 latitude foxo genotypes ( Figure 4H) . Furthermore, the observed differences between However, the effects of natural variation have not been previously addressed. While 423 loss of function mutants are highly pleiotropic and have pronounced effects on life 424 history phenotypes, and the IIS/TOR pathway is in general extremely pleiotropic, 425 polymorphisms segregating in natural populations need not affect variance for all 426 traits related to gene function (e.g., Stern 2011) . 427
Our results demonstrate that allelic variation at foxo affects body size and 428 starvation tolerance. We further show that these measures of size, thorax length and 429 wing area, as well as starvation tolerance, vary predictably with latitude in natural 430 populations of D. melanogaster. Furthermore, the high-latitude foxo allele is 431 associated with larger size and greater starvation resistance, whereas flies 432 homozygous for the low-latitude foxo allele are smaller and less tolerant. Thus, the 433 allelic effects also parallel patterns of variation in natural populations. This is distinct 434 from the countergradient patterns that have been previously observed for allelic 435 variants at the Drosophila insulin receptor (InR) (Paaby et al. 2014 ). The effect size 436 of the foxo alleles is seemingly large, particularly for body size: the difference 437 between high and low-latitude foxo alleles is approximately the same as the 438 observed size difference between flies sampled from Florida and Maine. This 439 suggests that allelic variation at foxo is a major contributor to variance in body size in 440 these populations. It remains to be determined whether foxo is a major effect locus 441 for size in other taxa. Despite the parallels we observed between the assayed foxo variants and the 467 patterns in natural populations, we cannot conclude that it is these two focal SNPs 468 (positions) that themselves cause the observed differences in starvation tolerance 469 and size, or directly contribute to variance for these traits in natural populations. The 470 linkage disequilibrium present in the founding inbred lines (DGRP) would decay to 471 some extent by the eight generations of outcrossing among founder lines, but 472 remains pronounced; thus, without further characterization these SNPs are 473 interpreted as markers for the functionally significant allelic variation segregating at 474 this locus. Gene editing or similar techniques, in which the focal sites are 475 manipulated in multiple common genetic backgrounds, would be essential in directly 476 examining causality. Such investigations are the focus of future work. 477 478 5. CONCLUSION 479 We find that the marker allele at foxo has predictable effects on body size and 480 starvation tolerance; no effects of foxo alleles on development time were observed. 481
We also show that both starvation tolerance and body size exhibit pronounced 
